To gain further insights into the function of the PCM, zone and can be divided into a readily releasable pool we determined the primary structure of Piccolo, showing of docked SVs and a larger, more distally situated rethat it is a multidomain zinc finger protein structurally serve pool (Burns and Augustine, 1995; Pieribone et al., related to Bassoon. Colocalization studies reveal that 1995). In recent years, the protein machinery directing Piccolo and Bassoon are shared components of both the SV cycle was well characterized (Sü dhof, 1995; De glutamatergic and GABAergic synapses but not neuroCamilli and Takei, 1996). However, the molecular mechamuscular junctions. Despite their similarity to the correnisms that restrict these events to the active zone remain sponding domains in RIM and rabphilin-3, Piccolo zinc unknown.
fingers do not interact with rab3A but bind PRA1, a Associated with the active zone is an electron-dense rab3A and VAMP2/Synaptobrevin II-interacting molecule (Martincic et al., 1997; Bucci et al., 1999 ). These data demonstrate that PCM components are multidoTo whom correspondence should be addressed (e-mail: garner@ main scaffold proteins likely to be involved in SV cycling nrc.uab.edu). # These authors contributed equally to this work.
at nerve terminals. 
Results

CAG expansion seen in Huntingtin and ataxin (tom Dieck et al., 1998). In addition, Bassoon transcripts exhibit an elevated expression in multiple systems atrophy (HaPiccolo Is a Zinc Finger Protein Structurally Related to Bassoon
shida et al., 1998). Of note in this regard, the human PCLO gene maps to chromosome 7q11.23-q21.1. This lies very In a previous study, designed to isolate structural components of synaptic junctions, a number of cDNA clones close to a large chromosomal deletion at 7q11.23 that is associated with Williams syndrome (Meng et al., 1998), encoding novel proteins were identified (Langnaese et al., 1996). Antibodies raised against the coding region a genetic disorder associated with a number of pathological features including mental retardation (Morris et of one clone, sap44a, were found to react with a protein of Ͼ420 kDa on Western blots that could be localized al., 1988). As deduced from the rat nucleotide sequences, Picto the PCM assembled at the active zone of asymmetric type 1 glutamatergic synapses (Cases-Langhoff et al., colo consists of 4880 amino acid (aa) residues and has a calculated M r of ‫035ف‬ kDa and an isoelectric point 1996). The sap44a clone was used to isolate a series of overlapping rat brain cDNA clones spanning the entire (pI) of 6.0 (Figure 2 ). This is consistent with our earlier studies showing that Piccolo is encoded by a 16 kb protein coding region ( Figure 1A ). To overcome difficulties in obtaining contiguous cDNA clones, we also isotranscript and migrates as a Ͼ420 kDa protein. The 5Ј-most cDNA sequence contains a consensus initiation lated phages containing regions of the murine piccolo gene ( Figure 1B) . A comparison of DNA sequences made site for translation (Kozak, 1987) with upstream stop codons located in all three reading frames. The human available through the Human Genome Project with the rat Piccolo cDNA sequence allowed us to characterize genomic sequence and a brain-specific EST (KIAA0559) (Nagase et al., 1998) allowed the deduction of nearly the exon-intron organization of the human piccolo gene (PCLO) ( Figure 1C ). Human PCLO has at least 19 exons the entire human Piccolo protein sequence (Figure 2) . The overall sequence identity between rat and human and spans over 350 kb (Table 1) Our previous studies on the subsynaptic localization of Piccolo in adult rat brain showed that it is highly resingle PDZ and two C2 domains ( Figure 3D and Bassoon may interact with rab3A in a GTP-depenshown in Figure 5A , PRA1 could interact with Pic-Zn2 but not Rabp-Zn. To assess whether PRA1 binding is dent manner. Thus, we used an ELISA-based assay to examined whether the zinc fingers of Piccolo (Pic-Zn1, specific for either of the Piccolo zinc fingers, we performed an overlay assay using His 6 -PRA1 as a probe to Pic-Zn2) interact with rab3A in the presence of GDP or GTP␥-S. Whereas Pic-Zn1 and Pic-Zn2 did not bind assay binding to immobilized GST-tagged zinc finger fusion proteins. As seen in Figure 5B , His 6 -PRA1 interunder either condition, a robust interaction of the rabphilin-3A zinc finger (Rabp-Zn) with rab3A was seen in the acted with both GST-Pic-Zn1 and GST-Pic-Zn2, but not with GST-Rabp-Zn or GST. It should be noted that alpresence of GTP␥-S (data not shown). These results were confirmed in a yeast two-hybrid assay. Only yeast though GST-Pic-Zn2 was significantly degraded ( Figure  5C , lane 4), His 6 -PRA1 still bound the full-length moledoubly transfected with rab3A and Rabp-Zn were able to grow on plates lacking histidine and turned blue in cule. These results indicate that the inability of the Piccolo zinc fingers to interact with rab3A is not due to 30 min when incubated with X-gal ( Figure 5A ). The PicZn1 bait construct was self-activating and could not be incorrect domain folding but represents a different binding specificity as compared to Rabp-Zn. tested in this assay.
Subsequently, we employed Pic-Zn2 as a bait in a One of the characteristics described for the association of PRA1 with its SV binding partner, VAMP2/Synapyeast two-hybrid screen to identify potential interacting partners. Screening 3 ϫ 10 6 transformants yielded seven tobrevin II, is a sensitivity to (0.1%) Triton X-100 (Martincic et al., 1997). To assess whether PRA1 binding to independent clones interacting with Pic-Zn2. Two clones encoded PRA1, a small 21 kDa protein originally identithe Piccolo zinc fingers shares this feature, an ELISAbased assay was used to determine the relative binding fied through its interaction with rab3A (Martincic et al., 1997; Bucci et al., 1999). To confirm this interaction, affinity of PRA1 for Pic-Zn1 in the presence and absence of Triton X-100. As seen in Figure 5D , His 6 -PRA1 bound we compared the specificity of PRA1 for the zinc fingers from rabphilin-3A (Rabp-Zn) or Piccolo Zn2. As GST-Pic-Zn1 in a concentration-dependent manner but not GST-Rapb-Zn. In contrast, PRA1 binding to GSTassociate with SVs or the PCM or both. Despite its vesicular protein binding partners, it has not been reported Pic-Zn1 was almost completely abolished in 0.1% Triton X-100 ( Figure 5E ). Significant degradation of GST-Picwhether PRA1 actually associates with SVs. Therefore, we examined whether PRA1 is present in synaptosomes Zn2 (see Figure 5C ) did not permit a quantitative measure of its binding affinity. Nonetheless, when 0.1% Triand whether it can physically interact with SVs. Figure  6B shows a Western blot of rat brain synaptosomes ton X-100 was added to the overlay assay, binding of PRA1 to the second zinc finger was also abolished (data stained with PRA1 antibodies. PRA1 and its interacting partners, rab3A and VAMP2/Synaptobrevin II, were not shown). These results demonstrate that PRA1 associates with the Piccolo zinc fingers in vitro and that present in this cellular fraction ( Figure 6B ). To assess whether PRA1 is associated with SVs, we performed this interaction is detergent sensitive as observed for VAMP2/Synaptobrevin II binding to PRA1 (Martincic et a flotation assay with lysed synaptosomes. Similar to synaptophysin, PRA1 immunoreactivity was found in the al., 1997).
M sucrose fraction, indicating that PRA1 is associated with SVs (Figure 6C). This was confirmed by immu-PRA1 Colocalizes with Piccolo in Nerve Terminals
noisolation experiments using synaptophysin antibodyTo investigate whether the interaction of PRA1 with Piccoated beads. In the bound fraction, PRA1 was affinity colo may be of significance in vivo, we compared the purified along with synaptophysin, rab3A and VAMP/ spatial distribution of Piccolo and PRA1 in cultured hipSynaptobrevin II ( Figure 6D ). No immunoreactivity was pocampal neurons. PRA1 exhibits a generally diffuse detected when a goat anti-mouse IgG was coupled to staining pattern throughout the neuronal processes in the bead. These data strongly indicate that PRA1 is a contrast to the distinct punctate pattern of Piccolo (Figcomponent of SVs and is poised to interact with Piccolo ure 6A). However, clusters of PRA1 immunoreactivity in presynaptic nerve terminals. colocalize with Piccolo clusters along dendritic profiles, To assess whether PRA1 may also be associated with indicating that PRA1 is also present at synapses. This the PCM, we compared the partitioning of PRA1 and conclusion is supported by the codistribution of PRA1-Piccolo into synaptosomal, synaptic plasma membrane, and synaptotagmin-immunoreactive clusters along denand detergent-extracted synaptic junctional (PSD) prepdritic profiles ( Figure 6A) .
arations. Whereas Piccolo is present in all three preparaThe synaptic localization of PRA1 and its ability to tions, PRA1 is only found in the synaptosomal and syninteract in vitro with VAMP2/Synaptobrevin II, prenyaptic plasma membrane fractions ( Figure 6B ). The lated rabs (Martincic et al., 1997) The pLexA-Pic-Zn1 (aa 485-629), pLexA-Rabp-Zn (aa 1-281), and automated ABI 373 DNA sequencer at the UAB DNA sequencing pB42AD-rab3A were generated from Piccolo, rabphilin-3A, and facility. DNA and protein sequences were analyzed with the Generab3A cDNA sequences, respectively, by PCR amplification as deWorks program package (Intelligenetics). Human Piccolo amino acid scribed above. To examine the interaction between rab3A or PRA1 sequence was translated from genomic sequence obtained from and the zinc finger domains, the prey construct pB42AD-rab3A or three large human genomic clones sequenced by the Genome SepB42AD-Pic-Zn2/6-5 (PRA1) and each of the bait constructs conquencing Center at Washington University (Accession numbers taining the zinc finger domains were cotransformed into EGY48 AC004903, AC004886, and AC004082). Additional sequence con-
[p8oplacZ] yeast cells. Yeast clones cotransformed with bait and taining the 3Ј cDNA sequence of human Piccolo was obtained from prey constructs were selected on plates lacking uracil, histidine, KIAA0559 (Accession number AB011131), and Oboe sequence was and tryptophan. Positive clones were selected and assayed for His derived from KIAA0751 (Accession number AB018294).
growth and ␤-galactosidase activity as described in the MATCH-MAKER protocols (Clontech).
Synaptosome Preparation, Flotation Assay, and SV Immunoisolation ELISA and Overlay Assay Interactions of the GST-zinc finger fusion proteins with His 6 -rab3A The isolation of synaptosome, synaptic plasma membrane, and synaptic junctional preparations was performed as described (Casesor His 6 -PRA1 were performed with an ELISA assay as described previously (Kuhlendahl et al., 1998). In brief, for the zinc finger proLanghoff et al., 1996). Equal amount of proteins from each fraction were separated by a 3%-15% SDS-PAGE, transferred to nitrocelluteins and rab3A interaction, GST fusion proteins were bound to a 96-well plate (Nunc) and incubated with His 6 -rab3A in the presence lose membranes (MSI), and immunoblotted with anti-Piccolo, -rab3A, -PRA1, and -VAMP2/Synaptobrevin II antibodies followed by alkaof 1mM GTP␥-S or GDP (Sigma). His 6 -rab3A bound to the GST fusion proteins was probed with T7 mouse monoclonal antibody line phosphatase (AP) -conjugated secondary antibodies. The flotation assay was modified from Balch et al. (1984) . Briefly, the hypoton-(Invitrogen) followed by an AP-conjugated secondary antibody. For the zinc finger domains and PRA1, the GST fusion proteins bound ically lysed synaptosomal fraction was adjusted to 2.0 M sucrose, loaded to SW60 tube, and overlaid with 1.6 M, 1.0 M, and 0.3 M to a 96-well plate were incubated with His 6 -PRA1 in the presence of 0.01%, 0.05%, 0.1%, or 0.5% Triton X-100. The plate was further sucrose layers. The gradients were centrifuged for 3 hr at 350,000 ϫ g in SW60 rotor. The 0.5 ml fractions were taken from the top to incubated with an anti-thio antibody (Novagen) followed by an APconjugated secondary antibody. The amount of His 6 -tagged prothe bottom of the tube, resolved by SDS-PAGE, and blotted for PRA1 and synaptophysin. The light membrane fractions from the teins bound to the GST fusion proteins was calculated by measuring the colorimetric AP reaction with p-nitrophenyl phosphate at 405 0.3-1.0 M sucrose boundary were incubated with synaptophysin monoclonal antibody or goat anti-mouse IgG-coated M500 beads nm using an ELISA plate reader. For the overlay assay, 100 pmol of GST fusion proteins were (Dynal) at 4ЊC overnight. Beads were collected and washed extensively with 0.1% BSA/PBS (Jin et al., 1996) . Proteins in the bound separated on 10% SDS-PAGE gel and transferred to nitrocellulose membrane. The membrane was blocked for nonspecific binding in
